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ABSTRACT 

This is the Algorithm Theoretical Basis Document (ATBD) for Sea Surface Temperature (SST) 
retrieval from Infrared (IR) radiance measured by the National Polar-orbiting Operational 
Environmental Satellite System (NPOESS) Visible/Infrared Imager/Radiometer Suite (VIIRS).  
SST is an input variable for other VIIRS products such as net heat flux.  The SST Unit will 
produce the VIIRS SST Environmental Data Record (EDR), for both a skin SST (i.e. the 
temperature at the sea surface) and a bulk SST (at a nominal depth of a meter).  The SST EDR 
contains several Key Performance Parameters (KPP) for the NPOESS Mission. 

This document describes the theoretical basis of the SST algorithms, which have been developed 
by the NPOESS algorithm team.  These algorithms are built on heritage atmospheric correction 
algorithms, which use measurements from two or more IR-bands in atmospheric transmission 
“windows” to correct for the effects of the intervening atmosphere. The VIIRS heritage sensors 
are the Advanced Very High Resolution Radiometer (AVHRR) and the Moderate Resolution 
Imaging Spectroradiometer (MODIS).  The VIIRS baseline daytime algorithm is a Non-Linear 
Split Window formulation using VIIRS Bands M15 (λ=10.8 µm) and M16 (λ=12.05 μm). The 
nighttime algorithm also includes measurements from band M12 (λ=3.7 µm). The algorithms 
include corrections for changing atmospheric path length across the VIIRS swath though an 
explicit satellite zenith angle dependence. 

Major constraints for the surface temperature algorithms are instrument band spectral and spatial 
response functions, instrument Noise-Equivalent Temperature Difference (NEΔT) for each band, 
instrument pre-launch calibration and characterization, and on-orbit calibration. Although at-
lunch coefficients for the atmospheric correction algorithm will be derived through simulations, 
experience with MODIS has shown the accuracy of the retrievals, and the success of the mission, 
will depend on the availability and quality of post-launch surface-based measurements for SST 
retrieval validation and revisions to the algorithms and coefficients.. 
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1.0 INTRODUCTION 

1.1 PURPOSE 

This document describes the theoretical basis of the SST algorithm, for retrieval of the VIIRS 
SST Environmental Data Record (EDR).  Algorithm validation, algorithm sensitivity, 
constraints, limitations, and assumptions are also discussed. 

1.2 SCOPE 

The SST algorithms described in this document will be used routinely to retrieve both skin and 
bulk SSTs from VIIRS measurements.  P3I efforts may result in further enhancements to the 
current operational algorithms. 

The next section provides a brief overview.  Descriptions of the algorithm are presented in 
Section 3, along with discussions of algorithm sensitivity to various physical parameters.  
Calibration and validation are also discussed in Section 3.  Constraints, assumptions, and 
limitations are identified in Section 4. 

1.3 VIIRS DOCUMENTS 

Reference to VIIRS documents is indicated by a number in italicized brackets, e.g., [V-1]. 

1.4 REVISIONS 

This is revision B of the document, dated November 2008.  This is a major revision of the 
document and was made in response to a major change in the formulations of the default 
atmospheric correction algorithms for both daytime and nighttime measurements. The daytime 
formulation is now based on the corresponding algorithms of the heritage instruments, AVHRR 
and MODIS, and is a form of the Non-Linear SST (NLSST) algorithm (Walton et al., 1998). 
This is also the fallback algorithm for night-time measurements. The primary night-time 
atmospheric correction algorithm makes use of measurements in the mid-infrared atmospheric 
transmission “window.” Substantial contributions to prior versions of this document, including 
algorithm development, were made by Yimin Ji, Philip E. Ardanuy, Donglian Sun, Quanhua Liu, 
and Wenli Yang – and others. 
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2.0 EXPERIMENT OVERVIEW 

2.1 OBJECTIVES OF SEA SURFACE TEMPERATURE RETRIEVALS 

Most of the radiant energy arriving at the earth’s surface is absorbed by the upper oceans. Some 
is released locally to the atmosphere, and some is stored for hours to days to seasons. The 
transport by the surface currents of heat that is subsequently released elsewhere is a major aspect 
of the climate system, and the poleward advection of heat in the ocean and atmosphere helps 
define the global climate system, and the response of the atmosphere to the heat released by the 
ocean determines some important characteristics of the weather. The sea-surface temperature 
(SST) is an indicator of the distribution of heat in the upper ocean, its patterns reveal the 
underlying surface currents, and it is a major determining factor in the exchange of heat, 
momentum and gases with the atmosphere. The ability of satellite-borne radiometers to provide 
measurements of SST in a self-consistent and accurate fashion on a global scale has resulted in 
satellite remote sensing having become one of the most important sources of SST data for a wide 
variety of applications.  Its pivotal role in the weather and climate systems has resulted in skin 
SST being classified as a Key Performance Parameter (KPP) in the NPOESS mission. 

The SST is a very variable quantity with a range of values from about -1.9oC (the freezing point 
of sea water) to greater than 30oC, with spatial gradients in excess of 1 K km-1 possible at surface 
frontal outcrops. The magnitude of temporal variations of SST around the seasons is often only 
several degrees, but similar changes can be experienced in the course of a day (e.g. Minnett, 
2003; Gentemann et al., 2003; Stuart-Menteth et al., 2003; Gentemann and Minnett, 2008; 
Gentemann et al., 2008b). A well-known SST perturbation that influences the global-scale 
weather patters is the El Niño, in which the SST over the eastern equatorial Pacific may be 4-5 K 
higher than in the normal situation.  SST is also a good indicator of global warming (Good et al., 
2007), and for this application, decadal-length time series have to be constructed (Kilpatrick et 
al., 2001).  The characteristics of the SST fields determine the requirements placed on the 
design, construction and calibration of the satellite radiometers. 

The accuracy of infrared SST determination from satellite depends on how well the effects of the 
intervening, cloud-free atmosphere are corrected. Water vapor is the main contributor to the 
atmospheric effect in the infrared, and it is very variable in both space and time. This variability 
requires that for a correction to be effective it has to be applied on a pixel-by-pixel basis.  Other 
gases are relatively well mixed and less problematic in their correction. The atmospheric 
correction algorithm is effective only in cloud-free conditions, so an important component of the 
SST processing algorithm is the confident identification of pixels contaminated by cloud effects. 
 The accuracy has improved significantly since the development of radiometers with two or more 
atmospheric window channels within MWIR and LWIR transmission windows (e.g., McClain et 
al., 1983; Kilpatrick et al., 2001).  The fundamental basis of multi-channel SST algorithms is the 
differential water vapor absorption in the various atmospheric window regions of the spectrum 
(McMillin, 1975).  This means the temperature corresponding to the spectral radiance measured 
at satellite height, the brightness temperature (BT), depends on the state of the atmosphere as 
well as the relative spectral response functions of the channels in question. The difference 
between the SST and the BT is often referred to as the temperature deficit. The assumption 
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underpinning the atmospheric correction algorithms is that the temperature deficit in one channel 
is functionally related to the difference in BTs in other channels: 

BTi – SST = f(BTj – BTk) 

where i, j, k, indicate channels of an infrared radiometer (and i can be the same as j or k).  The 
current satellite multi-channel SST algorithm can permit global SST retrievals on space scales of 
8 km with a root mean square error ~0.3 K (Kearns et al., 2000; Barton et al., 1993; Legeckis 
and Zhu, 1997; May et al., 1998; Kilpatrick et al., 2001).  MODIS measurement accuracy 
requirement for SST is 0.35 K (Brown and Minnett, 1996).  The current operational Non-Linear 
SST (NLSST; Walton et al., 1998; May et al., 1998) and the MODIS SST algorithms are based 
statistical regression methods.  The derivation of such algorithms combines satellite and in situ 
measurements, and they have proven to be successful in producing reliable global SST data sets. 
 The current operational SST retrieval methods are based on measurements in two channels in 
the atmospheric transmission window in the 10-13 μm interval during the daytime and an 
additional channel in the 3.5-4.2 μm interval in the nighttime.  Some research studies also used 
water vapor information in the statistical method (e.g., Emery  et al., 1994).  Although physical 
retrievals have not been used for operational SST retrieval due to the large computational 
requirement and possible instability, they are promising methods for improving the retrieval 
precision. 

The radiant energy leaving the ocean surface is emitted by a very thin (<1mm) layer, often 
referred to as the skin layer, and its temperature is called the skin temperature. At the air-sea 
interface, the ocean is warmer than the overlying atmospheric layer, and thus heat flows from the 
ocean to the atmosphere. Close to the interface, the heat flow is by molecular conduction, and 
this requires a vertical temperature gradient. As a consequence, the skin temperature is cooler 
than that of the water below by a variable amount, up to ~0.5K (Donlon et al., 2002). The heat 
flow down the skin-layer gradient also provides the energy for evaporation (the latent heat flux 
into the atmosphere) and the infrared radiative imbalance between the ocean and the atmosphere. 
By correcting the effects of the atmosphere, the satellite SST retrieval is therefore more 
physically related to the skin SST than the bulk temperature below. But for some applications an 
estimate of the bulk SST, attributable to a depth of a meter or more, is required. This need for a 
bulk temperature has led to the practice of using in situ bulk SSTs measured by ocean buoys in 
the procedure to derive the coefficients used in the atmospheric correction algorithm (see below) 
and this results in an estimate of the bulk SST, incorporating a mean skin-bulk SST difference.  
The variability in the difference between skin and bulk temperatures contributes additional 
uncertainty to the satellite bulk SST retrieval.  The relationship between skin and bulk SSTs has 
been investigated by a number of scientists (e. g., Schluessel et al., 1990; Donlon et al., 2002).  
Currently, the AVHRR SST is related to bulk SST, while the (A)ATSRs retrieve the skin SST 
(Závody et al., 1995).  The MODIS SST retrieval is a development of the AVHRR SST 
algorithm, but is a skin temperature product (Brown and Minnett, 1996). 

 The (A)ATSR retrieval method is based on a physical approach which uses a line-by-line model 
to simulate the ATSR Top of Atmosphere (TOA) radiances (Závody et al., 1995) and 
incorporates skin SSTs with the simulated radiances.  This method requires accurate models of 
the atmospheric radiative transfer and of the instrument characteristics, good knowledge of the 
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spectroscopy of atmospheric gases, and highly accurate on-board calibration, as well as low 
sensor noise. 

The overall scientific objective of the VIIRS SST retrievals is to provide improved operational 
measurements of both skin and bulk SST fields by using atmospheric correction algorithms 
based on statistical methods.  The VIIRS SST EDR requires a 0.2 K measurement accuracy and 
a 0.5 K measurement uncertainty.  These requirements exceed prior state-of-the-art operational 
capabilities.  However, these are minimum requirements from an environmental research point 
of view.  For example, a few tenths of a degree increase in global SST in a decade reflects a 
strong global warming trend (Good et al., 2007).  Over the tropical oceans, atmospheric 
convective activities are sensitive to a small change of SSTs (e.g. Webster et al., 1996; Chen and 
Houze, 1997). 

 

2.2 INSTRUMENT CHARACTERISTICS 

The VIIRS MWIR and LWIR bands must be positioned to optimize their use for SST 
determination.  Bands in the LWIR atmospheric transmission window are also located near the 
maximum intensity in Planck’s function at temperatures characteristic of the sea surface.  
Influences of ozone and other variable atmospheric absorbers are best avoided.  There are two 
suitable regions for LWIR band selection: 8-9 μm and 10-13 μm.  Three VIIRS LWIR bands are 
located in these two regions.  Figures 1 and 2 show the radiance at the height of the satellite and 
the atmospheric transmission for the Thermal IR (TIR) spectrum simulated using the 
MODTRAN atmospheric radiative transfer code and five standard atmospheres. Bands in the 
MWIR are located where the atmosphere is transparent and less variable.  Figure 2 shows that 
the 3.4-4.2 μm region is a suitable atmospheric window.  Two VIIRS MWIR bands are located 
in this window.  The requirement to produce SSTs consistent with those from heritage sensors is 
also one of the factors for VIIRS band selection.  Table 1 shows the bands used to retrieve SST 
from measurements of existing infrared satellite radiometers.  In earlier versions of this ATBD, 
we investigated the effects of band location in the MWIR and LWIR windows.  Those 
documents summarize the flowdown of the SRD requirements for the VIIRS SST to the present 
VIIRS IR band selection. 

To meet the VIIRS SST measurement requirements, the sensor must have very low radiometric 
noise in the IR bands.  Knowledge of the characteristics of the infrared bands is very important.  
The detailed specification of the current version of the sensor design is listed in Table 2. 
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Figure 1. IR radiance at satellite height for five standard atmospheres simulated by 
MODTRAN. The SST at the base of the atmospheres is given in the key in the figure. 

Figure 2. As Figure 1, but showing atmospheric transmittance. 
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Table 1. Channel Characteristics of Satellite-borne IR Radiometers 

VIIRS 
baseline 

MODIS AVHRR (A)ATSR 

λμm NEΔT  K λμm NEΔT  K λμm NEΔT  K λμm NEΔT K 

3.7 0.065 3.75 0.05 3.75 0.12 3.7 0.019 

4.0 0.078 3.96 0.07     

  4.02 0.07     

10.8 0.038 11.03 0.05 10.5 0.12 10.8 0.028 

12.0 0.070 12.02 0.05 11.5 0.12 12.0 0.025 

To meet the VIIRS SST measurement requirements, the sensor must ensure very low radiometric 
noise for IR bands, especially the 10-12 μm window.  Well-placed windows in the 3.6-4.2 μm 
are also important.  The detailed specification of the current version of the sensor design is listed 
in Table 2. 

Table 2. Sensor Performance for Sea Surface Temperature 

 Native Sensor Nadir 
Wave-
length

µm 

Band 
Width

µm 

GSD Ttyp 
K 

NEΔT 
K 

Onboard 
Aggregation 

Factor 

On ground 
Aggregation 

Factor 

Effective 
Algorithm 

GSD 
m 

Effective 
Algorithm 

NEΔT 
K 

Nadir 
m 

EOS 
m 

Trk Scn Trk Scn Trk Scn Trk Scn Trk Scn 
3.7 0.180 742 262 1094 617 300 0.065 1 3 1 1 742 786 0.038 
4.0 0.155 742 262 1094 617 300 0.078 1 3 1 1 742 786 0.045 
10.8 1.000 742 262 1094 617 300 0.038 1 3 1 1 742 786 0.022 
12.0 0.950 742 262 1094 617 300 0.070 1 3 1 1 742 786 0.040 

 

2.3 SST RETRIEVAL STRATEGY 

 The following operations are applied to produce the SST:  

• A land/ocean mask is used to identify the ocean pixels to process.   

• A cloud cover mask and a snow/ice mask are used to eliminate cloud-contaminated or 
snow/ice-covered pixels.  The SST algorithms are not run under confident-cloudy sky 
conditions; all other cloud conditions the SST is derived, but the results are flagged for 
quality assurance.   
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• Satellite zenith angle is read in from the moderate resolution geolocation product.  

• A day / night flag based on the solar zenith is to determine whether day or night retrieval 
is appropriate. 

• Calibrated brightness temperatures are read in from the sensor data record (SDR). 
Appropriate sets of coefficients are loaded for both skin and bulk SST retrievals.   

• Skin and bulk SST are both calculated using regression equations from the split window 
algorithm during the day, and from the triple-window algorithm at night; the nighttime 
fallback algorithm is the split window formulation. 

 

PD

MO
D

43
31

1,
 B

. P
D

M
O

 R
el

ea
se

d
: 2

01
0-

03
-2

4 
(V

E
R

IF
Y

 R
E

V
IS

IO
N

 S
TA

TU
S

)



D43311 _ B 
Page 8 

 

3.0 ALGORITHM DESCRIPTION 

3.1 PROCESSING OUTLINE 

The atmospheric correction algorithm for SST retrieval is derived using global ancillary data sets 
and radiative transfer models.  The coefficients for the algorithms are obtained through one time 
simulations and validated using surface observations.  Figure 3 depicts the processing concept 
for SST retrieval. 

Figure 3. SST high level flowchart: Statistical Method. 
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SDR Data 
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3.2 ALGORITHM INPUT 

3.2.1 VIIRS Data  

Required inputs necessary for the SST retrieval from the VIIRS data stream are cloud mask, 
snow/ice mask, and TOA brightness temperatures (3.7, 10.76, and 12.05 μm). 

3.2.2 Non-VIIRS Data 

Non-VIIRS ancillary data includes land/ocean mask. 

3.3 THEORETICAL DESCRIPTION OF SST RETRIEVAL 

3.3.1 Physics of the Problem 

In clear sky conditions, the outgoing IR spectral radiance at the top of atmosphere can be 
represented by: 

),,,(),(),,,()),(1)(,(
),,,(),(),(),(),(),(

0000

00

ϕμμλμλτϕμμλμλεμλτ
ϕμμλμλλμλεμλτμλ

rd

sas

LL
LLTBL
+−+

++=
 (1) 

where τ is the transmissivity, ε the surface spectral emissivity, B the Plank function, La the 
upwelling, thermal path radiance, Ls the path radiance resulting from scattering of solar 
radiation.  Ld is the solar radiance at the surface and Lr the solar diffuse radiation and atmospheric 
thermal radiation reflected by the surface.  μ =cos(θ), μo=cos(ψ), where θ is the satellite zenith 
angle, ψ the solar zenith angle.  ϕo is the azimuth angle between the sun and the satellite. 

λ is the center wavelength of a narrow spectral interval, defined by the relative spectral response 
function for each band and detector. Equation 1 is applicable in the 3-14 μm range.  The 
complete simulation of atmospheric radiative transfer is necessary to determine the values of all 
terms on the right side.  This equation has been used in many atmospheric radiation models 
including LOWTRAN (Kneizys et al., 1988), MODTRAN (Berk et al., 1989), RADGEN 
(Závody et al., 1995) and MOSART (Cornette et al., 1994).  The inversion of Equation 1 is not 
straightforward if the atmospheric conditions are unknown. 

To facilitate the accurate derivation of SST, we should use window bands with no or little 
atmospheric effect on the propagation of the infrared radiation.  As shown in Figures 1 and 2 the 
wavelength intervals between 3.5–4.2 μm, 8–9 μm, and 10–13 μm are atmospheric transmission 
windows.  For a perfect window, the total atmospheric transmittance τ(λ μ) would be 1.0.  
However, as indicated in Figure 2, the transmittances at these windows are <1.0 and are 
functions of the atmospheric state.  The main absorber for these windows is atmospheric water 
vapor.  

The effect of water vapor in the transmissivity of the different spectral windows is illustrated in 
Figure 4 (Sobrino et al., 2003). The water vapor effects are much more pronounced in the 
thermal infrared window, with the mid-infrared transmission window being much less sensitive 
to variations in the water vapor. Figure 4 is based on MODTRAN simulations using atmospheric 
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states derived from radiosondes in the TIGR (TOVS Initial Guess Retrieval data base) (Chesters 
et al., 1983). 

 

Figure 4 The relationships between atmospheric transmissivity and atmospheric water 
vapor content (after Sobrino et al., 2003).  The data points were derived by radiative 

transfer modeling using a large data base of atmospheric profiles and the relative spectral 
response functions of the MODIS on Terra. The MODIS bands, and the corresponding 

VIIRS bands, are shown in the key at the right.  

The saturation water vapor concentration is governed by the Clausius-Clapeyron equation which 
indicates that the saturation vapor pressure of a gas varies approximately exponentially with 
absolute temperature. Given the close thermodynamic coupling between the ocean and 
atmosphere, it is expected that a clear relationship exists between the atmospheric water vapor 
content and the SST. This has been demonstrated with satellite microwave radiometric 
measurements (e.g. Stephens, 1990) which reveal a non-linear increase in integrated water vapor 
content (precipitable water) with SST (Figure 5). 

The consequence of the relationships between SST and atmospheric water vapor, and between 
water vapor and spectrally dependent atmospheric transmissivity, lead to a non-linear 
dependence of the brightness temperatures, measured at orbital height in the different spectral 
bands of infrared radiometers, on the SST. This is illustrated in Figure 6 which shows simulated 
brightness temperature deficits (the difference in the brightness temperature and the SST) in 
selected MODIS bands that correspond to VIIRS bands, as functions of SST. The use of MODIS 
relative spectral response functions in these simulations in place of those from VIIRS will 
introduce small discrepancies, but serve to illustrate the nature of the interaction between the 
cloud-free atmosphere and the infrared radiation. 
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Figure 5 The relationship between annually averaged vertically integrated atmospheric 
water vapor content (precipitable water) and the SST (top), and the histogram, of the 

global SST values (bottom).  The data were derived from measurements of the Scanning 
Multichannel Microwave Radiometer (SMMR) on the Nimbus-7 satellite. (From Stephens, 

1990) c 

The representation of the cloud-free atmospheric variability for the radiative transfer code was 
provided by a set of atmospheric profiles, 2790 in number, from a data assimilation model used 
in weather prediction. These were derived from the output of the ECMWF (European Centre for 
Medium-range Weather Forecasting) data assimilation model at 10o latitude-longitude resolution 
over the oceans for 12 realizations through 1996. This has the advantage of near-uniform 
coverage over the oceans and good sampling in time. 

The atmospheric radiative transfer  model used to derive the results shown in Figure 6 is the line-
by-line spectral code developed for the algorithm derivation for the ATSR (Závody et al., 1995), 
adapted to accommodate the latest version of the water-vapor continuum spectrum (Clough et 
al., 1989, subsequently revised by Han et al., 1997 and discussed in Merchant et al., 1999), with 
improved spectral parameters for atmospheric components from the AFGL data base This 
radiative transfer model is also the basis of the atmospheric correction algorithm applied to the 
measurements of the Along Track Scanning Radiometer (ATSR) series on the European 
satellites ERS-1, ERS-2 and Envisat. Again, the SST retrievals have been validated using 
independent measurements (Mutlow et al., 1994; Smith et al., 1994; Noyes et al., 2006). For the 
MODIS simulations, the model spectral ranges were 3.5 to 4.2μm and 6.2 to 14.7μm, with a 
spectral resolution of 0.04 cm-1. 
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The output of the radiative transfer model comprises three sets of spectra for each atmospheric 
profile. These are of the upwelling atmospheric emission at the top of the atmosphere 
(Latm↑(θ,λ)), downwelling atmospheric emission at the bottom of the atmosphere (Latm↓(θ,λ)), 
and of the atmospheric transmission (τ(θ,λ)), where θ is the propagation angle relative to vertical. 
 The spectrum of the total infrared radiance at the top of the atmosphere (L↑(θ,λ)) is derived by: 

L↑(θ,λ) = Latm↑(θ,λ) +((1-ε(θ,λ)) * Latm↓(θ,λ) + ε(θ,λ)*B(skinSST, λ))* τ(θ,λ) (2) 

where ε(θ,λ) is the emissivity of the sea-surface at wavelength λ and emission angle θ, and B is 
Planck’s function at the temperature of the skin of the ocean, determined for each profile as an 
imposed air-sea temperature difference. The propagation of the infrared radiation through the 
atmosphere can be considered as a collimated beam at a given zenith angle because at infrared 
wavelengths the atmosphere can be considered to be non-scattering.  The emission angle equals 
the satellite zenith angle. 

The surface emissivity enters in two places: in the emission of the sea surface and in the 
reflection of Latm↓(θ,λ) as, through Kirchhoff’s Law, the reflectivity is (1- ε(θ,λ)). The values 
used in these simulations were taken from the modeled results of Watts et al., 1996) which 
includes a specific wind-speed dependence. Subsequent research has shown that the wind speed 
dependence of ε(θ,λ) has been over-emphasized in a number of well-used models results (e.g. 
Masuda et al., 1988,  and Wu and Smith, 1997) as well as Watts et al., 1996) when compared to 
hyperspectral measurements at sea (Hanafin and Minnett, 2005; Nalli et al., 2008a) and more 
rigorous modeling (Nalli et al., 2008b). Thus, the consequences of the use of a single emissivity, 
neglecting wind speed effects, for each emission angle are of little consequence in these 
simulations. 

Simulations were done for a range of satellite zenith angles (θ) and air-sea temperature 
differences (i.e. a skin SST was specified at the base of each atmosphere through a range of air-
sea temperature differences: -3, -2, -1, 0 1 K). The behavior of the temperature deficits in Terra 
MODIS Bands 20, 23, 31 and 32 are shown in Figure 6.  Figure 6a is for a satellite zenith angle 
of 0o (i.e. at nadir, at the sub-satellite track at the center of the swath) and Figure 6b at a satellite 
zenith angle of 55o, towards the edges of the swath. The points in each scatter diagram occur in 
groups of five representing the five different air-sea temperature differences at the base of each 
representation of the atmosphere. The magnitudes of the temperature deficits increase with 
satellite zenith angle, resulting from the effects of the increased atmospheric path length and 
decreasing surface emissivity. For bands 31 and 32 in the thermal infrared there are two distinct 
regimes with different sensitivities of the temperature deficits to the SST. This is caused 
primarily by the increasing atmospheric water vapor burden, which is highly correlated with the 
SST (Stephens, 1990), and which contributes a larger proportion of the spectral radiance 
measured in space in tropical conditions (Figure 5) than in higher latitudes. 
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Figure 6 Simulated brightness temperature deficit for the MODIS bands corresponding to 
the VIIRS bands to be used for SST derivation.  These simulations are expected to 

approximate very well the characteristics of the VIIRS measurements. The values here are 
for nadir measurement, at the center of the swath, at a zenith angle of 0o.  

 

Figure 7 As Figure 6, but for a satellite zenith angle of 55o.  
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3.3.2 Mathematical Description of the Algorithm 

The baseline VIIRS SST algorithm is based on statistical regression methods.  The heritage 
approach is the nonlinear multi-channel SST (NLSST; Walton, 1988).  Such methods require the 
availability of high quality in situ data for both the derivation of the coefficients of the 
algorithms and for subsequent validation of the SST retrievals. 

3.3.2.1 Daytime algorithm: 

The NLSST algorithm takes the form:  

  (3) 

where a0, a1, a2, a3 are coefficients derived by regression analysis, T11 is the measured brightness 
temperature at 11 µm (VIIRS band M15), T12 is the measured brightness temperature at 12 µm 
(VIIRS band M16), RSST is a modeled, first guess SST, and z is the sensor zenith angle. RSST 
is used to scale the coefficient a2 to account for the varying relationship between the atmospheric 
water vapor distribution and the surface temperature.  

Following the approach of the AVHRR Pathfinder SST project (Kilpatrick et al., 2001), this 
algorithm is stratified into two regimes by T11-T12 with a switch point at 0.8 K.  For the range of 
0.6 K to 1.0 K, results from the two stratifications are linearly interpolated.. 

3.3.2.2 Nighttime algorithms:  

The nighttime algorithm takes the form:  

 (4) 

where a0, a1, a2, a3 are coefficients derived by regression analysis (but are different from those in 
Equation 12), T3.7 is the measured brightness temperature at 3.7 µm (VIIRS band M12).  

The VIIRS baseline algorithm uses equation 12 for daytime retrieval and equation 13 for 
nighttime retrieval. 

3.3.2.3 Stratification of the coefficients for systematic environmental influences 

Following the experience with the heritage sensors, the AVHRR Pathfinder SST and the MODIS 
skin SST, the coefficients of the NLSST atmospheric correction algorithm are derived and 
applied in two groups defined by a threshold in the brightness temperature differences, BT11-
BT12, i.e. the brightness temperature differences between VIIRS bands M15 and M16.  This is a 
surrogate for the atmospheric water vapor content, and divides the atmospheric conditions into 
“dry” and “moist.” The “dry” conditions are characterized by small BT11-BT12 and “moist” 
conditions by larger values. The value of the transition point is 0.8K, and for the interval of 
±0.2K on either side of this the SST will be derived using both sets of coefficients and the final 
values derived by linear interpolation using the actual BT11-BT12 value. 

)1))(sec(()( 12113121121110 −−+−++= zTTaRSSTTTaTaaSST

)1)(sec()( 3127.321110 −+−++= zaRSSTTTaTaaSST

PD

MO
D

43
31

1,
 B

. P
D

M
O

 R
el

ea
se

d
: 2

01
0-

03
-2

4 
(V

E
R

IF
Y

 R
E

V
IS

IO
N

 S
TA

TU
S

)



D43311 _ B 
Page 15 

 

3.3.3 Algorithm Output 

SST is retrieved for all pixels that are not flagged as confident cloudy by the VIIRS cloud mask 
for all satellite viewing angles.  Quality flags are provided for each pixel to convey the 
confidence in the cloud screening. Two VIIRS LWIR bands are used in the VIIRS baseline non-
linear split window (NLSW) algorithm. At night a three-band algorithm will be used. Separate 
sets of algorithm coefficients are used for bulk SST and skin SST. 

3.4 ALGORITHM SENSITIVITY STUDIES 

Clearly, the pre-launch studies of the VIIRS SST retrievals must be conducted on surrogate data. 
Several data sets have been used to predict the accuracy of the VIIRS skin and bulk SST 
retrievals. These primarily encapsulate the effects of environmental variability and a separate set 
of models are used to determine the consequences of instrumental artifacts in the simulated on-
orbit measurements 

3.4.1 Test Data Sets  

Two primary data sets have been used to predict the errors in the VIIRS SST algorithms: 
• A synthetic set of VIIRS measurements has been derived using atmospheric parameters 

and surface conditions from NWP models and data products from heritage instruments, 
extensive atmospheric radiative transfer modeling, with a current VIIRS instrument 
model and the NPOESS satellite model. This synthetic data set is intended for the study 
of the behavior of several VIIRS EDRs, not just the SSTs. These synthetic data were 
derived using end-to-end simulations and are believed to be the most realistic 
representation of the VIIRS measurements. The derivation of the data set is described in 
“NPP Operational Algorithm Proxy and Synthetic Test Data Description” (Document 
D45702, dated 12/20/07). 

 

• The MODIS Match-Up Data Bases are compilations of collocated, coincident 
measurements of the MODIS brightness temperatures and surface measurements, 
primarily from drifting and moored buoys, generated for the derivation of the coefficients 
used in the MODIS atmospheric correction algorithms. There is a data base for each 
MODIS on Terra and Aqua. They are also used to determine the characteristics of the 
residual uncertainties. Included in the data base is are the radiometric skin SSTs derived 
from ship-board instruments: M-AERI (Minnett et al., 2001), CIRIMS (Jessup and 
Branch, 2008) and ISAR (Donlon et al., 2008). These radiometers are discussed in more 
detail below in terms of their roles in validating SST retrievals.  The residual 
instrumental artifacts of MODIS are included, implicitly, in these data. 

An additional three data sets, used extensively in the initial studies of the VIIRS SST algorithm 
as describes in earlier editions of the ATBD, remain available as required to investigate the SST 
retrieval errors: 

• A set of 299 global observations of skin SST with radiosonde atmospheric profiles and 
coincident satellite passes (Emery  et al., 1994) plus 6 standard atmosphere profiles and 
surface temperatures.  In order to simulate the daytime radiance, 400 simulations were 
performed for each pixel, in order to employ different satellite viewing angles, solar 
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zenith angles and azimuth angles.  There are 121,170 samples.  The samples for seven 
SST categories from 270-275 K to 300-305 K are 240; 1,160; 1,120; 2,200; 2,120; 3,917; 
and 1,360.  Half of the data were randomly picked as training data, others as testing data. 
 Sensor noises are applied to both training and testing data.  Absolute radiometric errors 
(0.4%) were applied only to testing data. 

• A global NCEP snapshot of surface temperature at 2.5o x 2.5o resolution supplied by 
NCEP (Kalnay et al., 1996), with matching atmospheric profiles.  There are 26,590 
samples in the simulation.  The samples for seven SST categories from 270-275 K to 
300-305 K are 100, 343, 405, 310, 318, 910, and 265. 

• A set of 1.3 km resolution surface temperature scenes derived from AVHRR 1b data. 

The characteristics of the VIIRS synthetic data sets, as relevant to the SST retrievals, are 
summarized as histograms in Figure 7. The distribution of satellite zenith angle (θ) in the 
synthetic data set is shown in Figure 8 

3.4.2 Sources of Retrieval Errors  

The sources of error in accuracy and precision in the VIIRS SSTs fall into two categories: those 
that are associated with imperfections in the instrument, and those that arise from imperfections 
in the atmospheric correction algorithm. The instrumental effects include: 

• The inherent noise in the detectors, the Noise Equivalent Temperature Difference 
(NEΔT) 

• Band-to-band registration (BBR) 

• Modulation Transfer Function (MTF)  

• Calibration errors, such as imperfections in the knowledge of the emissivity and surface 
temperature of the on-board black body target, and of stray radiation falling on the 
detectors. 

The instrumental errors will be better understood and quantified after the system-level thermal 
vacuum pre-launch testing of the VIIRS Flight Units. The errors in the atmospheric correction 
result from the use of a very simple algorithm to approximate a very complex set of physical 
processes that govern the radiative transfer of the infrared radiation from the sea surface to the 
aperture of the instrument at satellite height.  

The instrumental sources of error have been examined using the synthetic VIIRS data,  by 
comparison of VIIRS instrument characteristics with those of the heritage AVHRR and MODIS 
instruments, and examining the errors inherent in the atmospheric correction using the MODIS 
Match-Up Data Bases. 
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Figure 8 Histograms of simulated top-of-atmosphere brightness temperatures measured in VIIRS Bands 
M15 (λ = 10.8 µm), M16 (λ = 12.0 µm) - top row - and M12 (λ = 3.7 µm) - bottom left. The distribution of 

SSTs in the synthetic data set is shown at bottom right. 

 

Figure 8. Distribution of the satellite zenith angle in the synthetic data set used in 
predictions of the VIIRS SST retrieval accuracy 
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3.4.2.1  Noise Equivalent Temperature Difference 

Table 3 shows the specified Noise Equivalent Temperature Differences (NEΔTs) for the VIIRS 
bands used in the SST retrieval, together with the values determined in the pre-launch calibration 
and characterization of the Engineering Design Unit in thermal-vacuum testing. The ratio of the 
measured to specified NEΔT provides a significant margin. Note that the pixel-aggregation along 
the scan lines results in the averaging of three pixels for the satellite zenith angle (θ) < 31.59o

 
and, of two pixels for 31.59o < θ < 44.82o; in these ranges the NEΔTs are reduced by √3 and √2.  

Table 3. Specified and measured NEΔTs of the VIIRS infrared bands used in the SST 
retrieval.  

 

3.4.2.2  Band-to-Band Registration and Modulation Transfer Function 

Figure 9 shows the influence of Band-to-Band Registration (BBR) errors on the precision of the 
skin SST derived with the baseline daytime VIIRS split window algorithm. This is based on a 
study of AVHRR test scenes. The misregistration has significant impact on the retrieval 
precision when the measurement noise is small.  As the sensor noise increases, the influence of 
BBR errors becomes less important.  Therefore, the BBR is not a critical issue for SST retrieval, 
especially where the SST gradients are small. 
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Figure 9. Degradation of the SST precision as a function of imperfections in the Band-to-
Band Registration. The misregistration ranges from 0.0 to 0.5 of the pixel area. 

3.4.2.3  Modulation Transfer Function 

Two 1.3-km resolution AVHRR nadir scenes were chosen as SST Modulation Transfer Function 
(MTF) test sites. One over the open ocean, and the other spanning the large horizontal SST 
gradients associated with the edge of the Gulf Stream. The VIIRS TOA radiances of all thermal 
bands were simulated using radiative transfer modeling.  Only one atmosphere was used in each 
scene. The data were interpolated into 450 m resolution and a 9-point smoothing was performed 
to all the data to reduce noise. 

Seven SBRS MTF models were applied to both scenes.  The MTF models are circular Gaussian 
models of MTF, numbered from 1 (sharpest) to 7 (least sharp).  Model 1 is 0.7 at Nyquist.  
Model 7 is 0.1 at Nyquist.  Model 3 is 0.5 at Nyquist, (as specified for the imagery bands).  
Model 5 is 0.3 at Nyquist, (as specified for the moderate bands).  The Ground Sampling 
Distances (GSDs) vary from 150 m to 1250 m.  The Horizontal Cell Size (HCS) is 1.3 km. 
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Figure 10. Degradation of the VIIRS daytime SST retrievals for different models of the   
MTF, as a function of the Ground Sampling Distance. These results are from a scene 

containing the Gulf Stream. 

Figure 10 shows the VIIRS baseline split window algorithm MTF results from the Gulf Stream 
Scene.  The results indicate that the MTF models do not introduce a dominant error in the SST 
retrievals, especially for small GSDs. 

The AVHRR scenes used in this analysis were selected because of the lack of cloud. A potential 
post-launch problem with the actual BBR and MTF properties of the VIIRS could occur in the 
vicinity of the edges of very cold cloud, such as towering cumulus in the tropics, where a 
brightness temperature change of up to 100K can occur over a small number of pixels. If this is 
found to be a problem with the on-orbit data, it may be necessary to “erode” the VIIRS cloud 
mask to flag as possibly cloudy pixels adjacent to such cloud edges (e.g. Casey and Cornillon, 
1999) 

 

3.4.2.4 Combined instrumental effects 

The diverse sources of instrumental effects can be calculated for a range of scene temperatures 
using information derived from the prelaunch calibration and characterization of the sensor. The 
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net instrumental effect is derived by a “root sum square”  of the individual components that are  
assumed to be  uncorrelated.   An example of the graphical display of this is shown in Figure 11 
for the 10.8 µm band (M15).  Tables 4 and 5 give the RSS errors for the VIIRS infrared bands as 
a function of scene temperature. 

Table 4. VIIRS Fractional Radiance Uncertainty 

Temp (K) VIIRS Bands  
3.7µm  M12 4.0 µm  M13 10.8µm M15 12.0 µm  M16 

260 .0083 .0071 .0031 .0031 
270 .0079 .0067 .0031 .0031 
280 .0074 .0064 .0031 .0031 
290 .007 .0061 .0031 .0031 
300 .0067 .0058 .0030 .0031 
310 .0064 .0055 .0030 .0030 
320 .0061 .0053 .0030 .0030 

 

Table 5. Scene Temperature Uncertaintyc 

Temp (K) VIIRS Bands  
3.7 µm  M12 4.0 µm  M13 10.8 µm  M15 12.0 µm  M16 

260 0.15 0.13 0.16 0.18 
270 0.15 0.14 0.17 0.19 
280 0.15 0.14 0.18 0.20 
290 0.15 0.14 0.19 0.21 
300 0.16 0.14 0.20 0.22 
310 0.16 0.15 0.22 0.24 
320 0.16 0.15 0.23 0.25 
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Figure 11. Components of the instrumental sources of error in the VIIRS M15 band at 10.8 
µm. The left hand panel shows the errors as a percentage of the radiance measurement, 

and the right panel after conversion temperature. 

3.4.2.5  Parametric dependences of the SST errors 

Using the synthetic data set a study of the dependences of the instrumental error sources on the 
derived EDRs has been conducted, in which the some aspects of the instrumental error sources 
we systematically modified to determine the parametric dependences of the errors in the EDRs. 
This produces an estimate of the sensitivity of the SST retrievals on individual sources or error.  
An estimate of the inherent algorithm error is also derived in this analysis. which is illustrated 
schematically in Figure 12.  
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Figure 12. Schematic flow-diagram of the SST EDR error analysis 

The inherent algorithm uncertainties are illustrated in Figure 13, for nadir measurements (θ < 
40o) and summarized in Table 6, where valued for the edge of swath are also given. The 
“Margin” is the proportion of the target uncertainties not consumed by the uncertainties due 
solely to the algorithm, and therefore available for all of the uncertainties in the SDR. The 
margin ranges from 30% to 50%, with most being available at nadir at night, when there infrared 
bands are used for the atmospheric correction. 

Table 6. Global SST uncertainties cause by inherent algorithm error.  

 Daytime Nighttime Day & night 

Target 
K 

Uncertainty 
K 

Margin 
 

Uncertainty|
K 

Margin 
% 

Uncertainty 
K 

Margin 
% 

         Nadir 

0.4 0.302 35 0.193 52 0.253 37 

                Edge of Swath 

0.7 0.475 32 0.350 50 0.418 40 
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Figure 13. Scatter diagrams of the simulated skin SST retrievals, for the daytime NLSW 
algorithm at left, and the night-time triple band algorithm at left. The daytime retrievals 

display increasing scatter at higher SSTs, related to associated with increased atmospheric 
water vapor concentrations. 

Figure 14 displays the dependences of the skin SST errors on uncorrelated noise in each of the 
infrared band, and indicates a more pronounced increased in uncertainty in the daytime, two-
channel retrievals at higher SST, which reflects the higher atmospheric water-vapor content. This 
is consistent with the experience with MODIS SST retrievals, where the nighttime SST 
measurements are derived using a split-window algorithm using two narrow bands in the mid-
infrared atmospheric window are demonstrably more accurate than the retrievals based on a 
split-window algorithms in the thermal infrared atmospheric transmission window. 

Using the Global Synthetic Data set, the sensitivity of the SST retrievals on SDR errors has been 
determined through a parametric analysis in which the synthetic brightness temperatures have 
been subjected to increasing levels of noise and bias errors. The results of the addition of random 
noise, uncorrelated between the different bands, are summarized in Figure 14, where the 
independent variable is the SDR error given as a percentage of the brightness temperature 
measurement. The left column are the results of the simulations in the nadir section of the swath 
(θ < 40o) and the right column for the end of swath (40o < θ <53o). The target accuracy is shown 
in all panels by the yellow line. The top row shows the effects of the random noise in the SDR 
alone in the daytime (blue), night-time (green), and for combined day-and-night retrievals (pink). 
The panels in the center row show the SDR error contribution for the day-and-night simulations, 
(taken from the top panels) and the total SST errors for the day-and-night combination including 
the inherent algorithm error. The bottom panels show the total skin SST errors, separately for the 
day and night simulations as well as the day-and-night combination. The daytime errors are 
somewhat more sensitive to contributions to errors from band M15 (λ=10.8 µm) than in band 
M16 (λ=12.0 µm), as more weight is attached in the atmospheric correction algorithm to the 
M12 measurements, where the atmosphere is more transparent.  The night-time skin SST errors 
do not appear to be more sensitive to SDR errors in any one of the individual three bands.  
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Figure 14. Dependences of the skin SST errors on uncorrelated noise in each of the 
infrared band, expressed as a percentage of the brightness temperature. The top panel 

shows the SDR errors for the night-time algorithm (green), daytime algorithm (blue) and 
the day-and-night combination (pink).  The center panels show the SDR errors (day-and-

night; pink line) and the total error that includes the contribution of the inherent algorithm 
error (dark blue). The bottom panels show the total skin SST errors for the day-and-night 
combination and separately for the retrievals during daytime (blue) and nighttime (green). 
The left column are the results of the simulations in the nadir section of the swath (θ < 40o) 
and the right column for the end of swath (40o < θ <53o). The target accuracy is shown in 

all panels by the yellow line. 

These results demonstrate that the night-time triple band algorithm is more robust to SDR errors 
than the daytime, split-window retrievals. The error budget remains within the target accuracy 
for all values of the SDR errors up to 0.1% for the nighttime retrievals, whereas during the day, 
the target accuracy is met only for much smaller errors in the SDR measurements.  

The other type of contributions to the SST error budget arises from systematic bias errors in the 
SDRs. These could be caused by errors in the calibration procedure, such as in the temperature 
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of the black body target which could affect all infrared bands in a correlated fashion; stray light 
or cross-talk (including “ghosting”) in the optical path of the instrument which could influence 
some bands, or even just some detectors, and not others; or imperfections in the knowledge of 
the angular and spectral properties of the reflectivity of the Half-Angle Mirror, which would 
introduce correlated bias errors in the different bands. Whether the HAM-induced errors are 
correlated or anti-correlated will depend on the differences between the mirror reflectivity model 
built into the processing stream, and the actual properties of the HAM.  To investigate the 
consequences of SDR bias errors on the SST retrievals, the SDR radiances were systematically 
adjusted, by up to 3%, and the consequences quantified. The radiances were adjusted in M12, 
M15 and M16, in both correlated and anti-correlated fashions, leading to eight sets of numerical 
experiments for the nighttime algorithm, and four for the daytime algorithm.  

Given that it is planned to derive the coefficients for the atmospheric correction algorithms from 
matchups with surface data, the systematic bias errors will be corrected in the sense of 
minimized global rms errors; i.e. the SDR bias errors are treated as part of the atmospheric 
effect. The threshold value in the brightness temperature differences between the two 
stratifications in the daytime NLSW SST algorithm is sensitive to bias errors and it was found 
that anti-correlated SDR errors larger than ~0.8% of the radiance measurement between bands 
M15 and M16, require the switch point to be recalculated. Experience with MODIS has shown 
that the SST algorithm coefficients have to be recalculated on a monthly basis to account for 
seasonal effects in the atmosphere; this approach also compensates for seasonally varying 
artifacts from the instrument that might be caused by changing solar illumination of the 
spacecraft.  

The relative immunity of the derived SST fields to systematic bias errors in the SDRs is only 
conferred once robust coefficients have been derived from a large matchup data base. Prior to 
this, when the coefficients used in the SST retrieval are those derived from pre-launch 
simulations, then unanticipated, and therefore uncorrected, instrumental artifacts may result in 
bias errors, perhaps significant ones, in the derived SSTs. 

3.5 PRACTICAL CONSIDERATIONS 

3.5.1 Numerical Computation Consideration 

In order to retrieve SST within an operational processing environment, statistical algorithms that 
meet quality requirements have been developed that are much quicker than physical modeling 
methods.  Pre-generated LUTs are used to speed processing yet retain flexibility. This approach 
has been successfully demonstrated with the MODIS SST retrievals. The revision of the values 
of LUTs to account for new knowledge of the instrument behavior, including time-dependent 
degradation of the instrument performance, and new, possibly time dependent, coefficients for 
the atmospheric correction algorithms, is much easier to achieve than revisions to the computer 
code. However, some improvements in our understanding of the instrument characteristics, and 
how to compensate for unanticipated artifacts may still require modifications to the code. 
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3.5.2 Programming and Procedural Considerations 

The simplicity of all the algorithms described in this document translates into very small 
amounts of code using basic mathematical routines.  Computationally intensive processes are 
performed offline, with results delivered as re-generated LUTs. 

3.5.3 Configuration of Retrievals 

Adjustable parameters for the retrieval of the SST products allow selection of atmospheric 
classifications, separate selection of retrieval algorithms for skin SST and for bulk SST.  The 
flexibility built into the architecture also allows easy implementation of possible future 
developments. 

3.5.4 Quality Assessment and Diagnostics 

A number of parameters and indicators are reported in the SST product as retrieval diagnostic 
flags.  Statistical information is reviewed for quality assessment.  Table 17 lists the available 
quality flags.  The final list of delivered flags will be determined in the operational environment. 

Table 7. VIIRS SST EDR Quality Flags 
 

Byte VIIRS SST Flag Result Bits 

0 

Skin SST quality  11 = High Quality 
10 = Degraded 
01 = Excluded 
00 = Not retrieved  

2 
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Byte VIIRS SST Flag Result Bits 

Bulk SST quality  11 = High Quality 
10 = Degraded 
01 = Excluded 
00 = Not retrieved 

2 

SST State 10 = Average 
01 = Moist  
00 = Dry / None 

2 

Algorithm 1 = Triple Window 
0 = Non-linear Split 
Window 

1 

Day / Night 1 = Day  
0 = Night 

1 

1 

Bad LWIR SDR 1 = Bad SDR 
0 = Good SDR 

1 

Bad SWIR SDR 1 = Bad SDR 
0 = Good SDR 

1 

Cloud Confidence 11 = Confident Cloudy 
10 = Probably Cloudy 
01 = Probably Clear  
00 = Confident Clear 

2 

Adjacent Pixel Cloud Confident Value  11 = Confident Cloudy 
10 = Probably Cloudy 
01 = Probably Clear 
00 = Confident Clear  

2 

Thin Cirrus 1 = Thin Cirrus 
0 = No Thin Cirrus 

1 

Sea Ice 1 = Sea Ice 
0 = No Sea Ice 

1 
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Byte VIIRS SST Flag Result Bits 

2 

Sun Glint 1 = Sun glint 
0 = No sun glint 

1 

Exclusion, AOT > 1 1 = Yes  
0 = No 

1 

Degraded, AOT > 0.6 1 = Yes  
0 = No 

1 

Exclusion, Not Ocean 1 = Not ocean 
0 = Ocean 

1 

Degraded, HCS limit 1 = Past HCS limit 
0 = Within HCS limit 

1 

Degraded, Sensor Zenith Angle > 40 1 = Yes 
0 = No 

1 

Skin SST Outside Range  1 = Out of range 
0 = In range 

1 

Bulk SST Outside Range  1 = Out of range 
0 = In range 

1 

3 

Skin SST Degraded, T > 308 K 1 = Degraded 
0 = Not degraded 

1 

Bulk SST Degraded, T > 308 K 1 = Degraded 
0 = Not degraded 

1 

Spare Bit  1 

Spare Bit  1 

Spare Bit  1 

Spare Bit  1 

Spare Bit  1 

Spare Bit  1 

 

 

3.5.5 Exception Handling 

Pixels identified by the cloud mask as confident cloudy are not processed. 
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3.6 ALGORITHM VALIDATION 

3.6.1 Pre-Launch Validation 

The atmospheric correction algorithm will be derived pre-launch by radiative transfer modeling 
to simulate the VIIRS TIR channel measurements.  Selected radiosondes from the operational 
network stations or field campaigns will be used in the VIIRS simulations for the development of 
the atmospheric correction algorithm.  Measurements from the operational surface drifting and 
fixed buoy programs will be used to characterize the surface temperature fields and to validate 
the atmospheric correction algorithms.  The assimilated meteorological fields provided by NCEP 
and ECMWF provide a valuable description of the marine atmosphere and surface temperature.  
These fields will be used in conjunction with the radiative transfer modeling to simulate the 
VIIRS measurements in order to validate the radiosonde data and to provide direct input to the 
radiative transfer modeling process. 

Measurements from AVHRR and ATSR will be used in the pre-launch phase to study the error 
characteristics of the SST retrieval. 

To date, the accuracy, precision, and uncertainty requirements for this EDR are for retrieval of 
skin SST.  However, both skin SST and bulk SST can be retrieved using the same algorithm 
forms.  Currently, the baseline VIIRS algorithm is a dual split window retrieval using two 
MWIR bands and two LWIR bands.  When sun glint prevents the use of the MWIR bands, the 
software architecture is designed to fall back to the LWIR split window algorithm.  Pre-launch, 
the coefficients for skin retrieval will be derived from in situ radiometric measurements and from 
other physical retrievals such as ATSR.  The coefficients for bulk retrieval will be derived from 
buoy and other bulk measurements, and from retrievals such as AVHRR. 

3.6.2 Post-Launch Calibration and Validation 

As with the heritage sensors, the post-launch monitoring of the characteristics of the VIIRS 
instrument, and in particular the quantitative radiometry of the infrared bands, can only be done 
using the internal calibration procedures and the instrument “housekeeping” measurements.  
Failure to account for the inevitable on-orbit degradation of the instrument and will lead to a 
progressive increase in the errors of the SST retrievals.  Again, building on the experience 
gathered with the heritage sensors, comparisons with coincident in situ measurements of the SST 
so that the time evolution of the error characteristics of the VIIRS SST can be determined 
throughout the lifetime of the instruments. Where feasible, the same measurements will be used 
to derive updates and corrections to the processing algorithms to compensate for the instrument 
ageing. 

It will be necessary to establish global or at least appropriately distributed programs of SST 
measurements for post-launch validation and updating of coefficients. This will require a number 
of infrared radiometers installed on ships and, possibly, moored buoys to routinely collect skin 
SST measurements. The deployment on moorings will require significant instrument 
development. Along with these radiometric skin SSTs a range of other supporting parameters 
should also be measured.  These include bulk SST and other parameters that influence the skin to 
bulk temperature differences.  In addition, relevant atmospheric parameters can be derived from 
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VIIRS or other spacecraft instruments, such as total column atmospheric moisture measured by 
microwave radiometers. In determining the scope of the validation exercise, it is important to 
recognize that, based on experience with the heritage instruments, only about 10% of possible 
coincidences between the satellite and validating measurements are suitable; the remaining 
~90% have to be discarded because of cloud effects in the satellite data.  

Several groups have developed radiometer systems that can be installed on ships of opportunity. 
 The locations of the instruments on their host ships, and the shipsthemselves, are shown in 
Figure 15. In each case the radiometer has to view the sea surface ahead of the disturbance of the 
bow wave, and to have a view of the sky for measurement of sky radiance needed for the  

 

Figure 15. Radiometers installed on ships for the validation of MODIS skin SSTs. Top: the 
ISAR mounted above the bridge of the M/V Jingu Maru. Middle: CIRIMS mounted above 
the bridge of the NOAA S Ronald H. Brown. Bottom: M-AERI mounted on an upper deck 

of the Explorer of the Seas. 

correction of the reflected component in the see-viewing measurement (Figure 16). These 
systems operate autonomously and report by satellite, providing a real time set of skin SST 
measurements.  These include the CIRIMS (Calibrated Infrared In Situ Measurement System; 
Jessup and Branch, 2008) and ISAR (Infrared Sea Surface Temperature Autonomous 
Radiometer; Donlon et al., 2008) on research vessels, such as the NOAA Ship Ronald H Brown, 
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the R/V Thomas G. Thompson and the USCGC Polar Sea (Jessup and Branch, 2008), and 
commercial ships (notably the Jingu Maru of NYK Lines and M/V Pride of Bilbao operated by 
P&O Ferries between the UK and Spain (Donlon et al., 2008)). A more complex instrument, the 
Marine-Atmospheric Emitted Radiance Interferometer (M-AERI; Minnett et al., 2001) was 
developed to be the main radiometric validation sensor for MODIS, and has been deployed on 45 
cruises covering a wide range of conditions from the High Arctic to the coast of Antarctica. On 
these deployments the instruments have been accompanied by a trained operator, but on a six-
year deployment on the Royal Caribbean cruise ship Explorer of the Seas (Williams et al., 2002), 
the instruments have operated essentially unattended. This has shown that even sophisticated 
instruments can be operated autonomously with maintenance being undertaken during port visits. 
The M-AERI has also been used for the validation on the AVHRR Pathfinder SST (Kearns et al., 
2000), and the instruments on the Explorer of the Seas for the validation of the AATSR on 
Envisat (Noyes et al., 2006).  

 

Figure 16. The measurement geometry of a ship-mounted radiometer taking a skin SST 
measurement. The reflected sky radiance is corrected using a direct measurement of the 

sky emission, and an accurate value of the surface reflectance (equal to 1-emissivity). 

The geographical, and climatological, ranges of the measure-ments from these radiometers are 
shown in Figure 17 

To ensure accuracy and consistency of the skin SST measurements from the different 
radiometers, a series of workshops has been held at the Rosenstiel School of the University of 
Miami. The first inter was held during March 1998.  This involved several high quality 
radiometers and some off-the-shelf devices.  NIST (National Institute of Standards and 
Technology) provided their standard black body target (Fowler, 1995) for the calibration of each 
radiometer.  Other black body calibration targets included a NIST water-bath black-body 
calibration target provided by the University of Washington, a smaller unit from JPL, the 
CASOTS (Combined Action to Study the Ocean's Thermal Skin) black body (Donlon et al., 
1999), and a portable unit designed by CSIRO, Australia.  Details of the first calibration and 
inter-comparison can be found at http://www.rsmas.miami.edu/ir/, and in an article written by 
Kannenberg, 1998.   
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Figure 17. Distributions of the skin SST measurements made from the M-AERI (top), and 
the CIRIMS (center; from Jessup and Branch, 2008). Bottom: Skin SST measurements 

from the ISAR on a trans-Atlantic voyage of the M/V Jingu Maru from US east-coast ports 
to Europe, 10-23 July, 2005. The color bar shows the wide range of skin SSTs measured on 

a single voyage. 

The second infrared workshop was held in 2001 and brought together the newly developed 
CIRIMS (Jessup and Branch, 2008; Branch et al., 2008) and ISAR (Donlon et al., 2008). A 
particularly important aspect of the Second workshop was the use of the NIST Earth Observing 
System Transfer Radiometer (TXR; Rice and Johnson, 1998) to characterize the laboratory black 
body calibration targets used to calibrate the field-deployable radiometers (Rice et al., 2004). To 
compare the performance of the radiometers in realistic conditions of a field deployment, the 
instruments were mounted on the R/V Walton Smith for a short cruise out of Miami (Barton et 
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al., 2004). The results of the Workshop included a characterization of the laboratory calibration 
targets used in a range of institutes, and a quantification of the uncertainties in the radiometer 
measurements of skin SST that contribute to the error budget of the satellite SST validation.  The 
workshop results were published in the refereed literature (Rice et al., 2004; Barton et al., 2004). 

A third workshop is being planned for the first half of 2009 under the auspices of the Committee 
on Earth Observation Satellites (CEOS1).  It is a requirement that similar workshops be held in 
the NPOESS era. Otherwise, unknown discrepancies between the skin SSTs derived from 
different validating radiometers will be make unnecessary contributions to the VIIRS error 
budget. Investment in the existing radiometers and in next-generation designs is required to 
ensure that this resource will be available and of the necessary accuracy for VIIRS validation. 

Although surface based radiometers provide the most appropriate measurements with which to 
validate the VIIRS skin SSTs, they are relatively small in number. The philosophy adopted for 
the MODIS SST validation offers a way of enhancing these data sets through the use of near-
surface bulk temperatures from drifting and moored buoys, with a simple correction for the 
thermal skin effect. The spatial coverage of the buoys is presently extensive, but not perfect. 
Some areas are poorly sampled even with the drifting buoys (Figure 18). The enhancement of the 
distribution of the buoys during the VIIRS missions by additional drifters should be considered 
as a necessary component of the VIIRS SST validation. 

 

Figure 18. The distribution of the matchups between the MODIS on Aqua and bulk SST 
measurements from drifting and moored buoys, for 2003. There are 12,536 matchups with 

the highest quality flag (QF=0) 

In recent years over 3000 profiling buoys have been deployed throughout the oceans in the 
ARGO program (Figure 19; and see http://www.argo.ucsd.edu/). The presently-deployed 
profilers measure pressure, conductivity and temperature (from which ocean salinity and density 
can be calculated). The profilers drift at depth and at intervals of about ten days rise to the 

                                                 

1 http://calvalportal.ceos.org/CalValPortal/welcome.do 
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surface, taking measurements as they ascend, and then transmit their data via satellite telemetry. 
The sensors however, do not measure in the uppermost ten meters or so of the water column and 
so are not ideal for satellite skin SST retrievals. However, a second generation of profiles is 
being considered that would takemeasurement up to the surface, and these might be suitable to 
contribute to VIIRS SST validation effort. With approximately 300 floats breaking surface each 
day, about 50 can be expected to be reporting their measurements within an hour of the satellite 
overpass (both night and day), of which perhaps five would be in sufficiently cloud-free 
conditions for the measurements to be useful for VIIRS validation.  

Figure 19. Distribution of ARGO floats. From http://www.argo.ucsd.edu/. 

Experience has shown that all new instruments behave slightly differently than expected, making 
the need for in situ validation fundamental to the success of the VIIRS SST mission. The 

requirement to demonstrate the SST accuracies of the VIIRS dictate that the in situ 
measurements have higher demonstrated accuracy themselves in order to act as a reference for 

the satellite data 

 

3.7 ALGORITHM DEVELOPMENT SCHEDULE 

At the time of writing, the base-line algorithms have been tested and delivered. 
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4.0 ASSUMPTIONS AND LIMITATIONS 

4.1 SENSOR PERFORMANCE 

The VIIRS SST retrieval is feasible only under clear sky conditions; this is a limitation common 
to all infrared remote sensing of the surface temperatures from satellites. Another limitation on 
the accuracy of the SST retrievals results from the effects of increasing atmospheric path length 
at large scan angles. The VIIRS SST retrievals will be most accurate near the center of the 
swath.  Note that the accuracy, precision, and uncertainty performance is specified only for the 
center 2000 km of the swath. 

4.2 Derivation of Bulk SST from Skin SST 

The VIIRS SST algorithms for skin and bulk SST are based on statistical regression analyses.  
The coefficients for the algorithms are derived using skin or bulk in situ measurements.  Bulk 
SST may also be derived from skin SST, through the development of an algorithm that uses the 
bulk-skin temperature difference.   Our current architecture supports a simple conversion 
scheme, and it is extensible to a more complex algorithm. 

The bulk-skin temperature difference is subject to both net surface heat flux and the momentum 
flux (Saunders, 1967).  A number of equations have been used to find the bulk-skin temperature 
difference (e.g., Hasse, 1971; Schluessel et al., 1990).  For example, Schluessel et al. used 
following equations to calculate the skin-bulk temperature difference ΔT: 

Nighttime: 

LaQQuaTTuaaT asas 3210 )()( +−+−+=Δ  (5) 

Daytime: 

LaQQauSaaT as 3210 )(/ +−++=Δ  (6) 

where, sT  and aT  are temperatures of surface and air, sQ  and aQ  are water vapor mixing ratios 
of surface and air, L is the net longwave radiative flux, S the net solar radiative flux, u the mean 
wind velocity, and a0, a1, a2 and a3 are coefficients that are different in each equation. 

More recently, a much simpler parameterization was developed from a large set of ship-based 
radiometric skin SSTs measurements and coincident bulk temperatures (Donlon et al., 2002):  

ΔT  = a0 + a1exp (a2*u)                (7) 

where ΔT is the skin-bulk temperature difference, and u is the true wind speed.  This expression 
was developed from measurements at night to avoid the complexities of diurnal heating (e.g. 
Minnett, 2003). Comparing daytime skin SST measurements from the M-AERI (Minnett et al., 
2001) with bulk SSTs from a depth of a few cm taken by a surface-following float, the same 
wind speed dependence of the thermal skin effect has been found, albeit with slightly different 
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coefficients (Minnett et al., 2008). The use of the shallow bulk SST removes nearly all of the 
influence of any diurnal heating from the comparison.  

The simple formulation of Donlon et al. (2002) is much simpler to implement in an operational 
processing environment than those of Schluessel et al. (Horrocks et al., 2003), The residual 
scatter in the predictions of ΔT using the Donlon et al parameterization is  approximately 0.13 K, 
which includes a contribution from the uncertainties in the measurement of wind speed (Minnett 
et al., 2008).   

Figure 20 shows the mean annual skin - bulk temperature difference using the Donlon et al 
(2002) formulation and the mean wind speed derived from over two decades of measurements 
from the SSM/I. (Woods et al., 2008). The wind field measurements were used to determine the 
parameters of Wiebull distributions on monthly time scales, and these were used to derive 
probability functions of the thermal skin effect. The global spatial distribution of the means is 
encompassed by several tenths of a degree, which is much smaller than the ranges previous 
estimates, but which still represents a very significant contribution to the error budget of the sub-
surface bulk SST retrieval.  

 

Figure 20. Mean annual skin-bulk SST difference (left panel), and the surface wind field at 
the same time (right panel). From Woods et al., 2008. 

A bulk to skin conversion algorithm could be developed for the VIIRS operational environment 
using wind speed fields from NCEP, for example. 

Another physical factor that complicates the prediction of the bulk SST from the skin SST 
retrieval is the diurnal thermocline. This is a vertical temperature gradient that forms in the upper 
several meters in conditions of low winds speed and high insolation when the solar energy input 
is not distributed throughout the mixed layer by wind-driven turbulent mixing. When the winds 
are consistently low during the day, the timing of the daily maximum in skin SST is mid-
afternoon. When the winds are variable in the course of the day, the maximum value in SST is 
very closely linked to the minima in winds speed (Gentemann and Minnett, 2008). The heat loss 
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to the atmosphere during the night results in convective mixing, even in the absence of winds, 
that tends to eradicate the vertical temperature gradients associated with the diurnal heating. The 
problem that diurnal heating brings to the retrieval of bulk SSTs is that the relationship between 
the subsurface bulk and the skin SSTs is very time and depth dependent (e.g. Ward, 2006). Much 
attention has been directed to the modeling of the diurnal heating in recent years, some of which 
is related to producing an accurate composite SST fields from satellites with different overpass 
times in the GHRSST project (Donlon et al., 2007). This work has resulted in several new 
models of diurnal heating and cooling (e.g. Gentemann et al., 2003; Stuart-Menteth et al., 2005a; 
Stuart-Menteth et al., 2005b; Gentemann et al., 2008a). Some models are being implemented in 
an experimental mode at NWP forecast centers. Such models, could be used to improve the 
accuracy of the sub-surface bulk SST retrievals from VIIRS. 

4.3 Physical SST Retrieval 

Although physical retrievals have not been used for operational SST retrieval due to the large 
computational requirement and possible instability, they are promising methods for improving 
the retrieval precision In order to be useful in an operational setting, sufficient processing power 
needs to be allocated for the forward modeling (Merchant et al., 2008).  Alternately, it may be 
possible to develop extensive LUTs for operational use, with those tables populated by offline 
radiative transfer modeling.. 
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